1. Introduction {#sec0005}
===============

Coronaviruses (CoVs) are a group of enveloped viruses named for their coronary appearance with positive single-stranded RNA genomes that infect animal hosts \[[@bib0005]\]. Many of the coronaviruses were recognized as viruses typically causing pneumonia and colds until the emergence of severe acute respiratory syndrome coronavirus (SARS-CoV) in 2002 and Middle East respiratory syndrome coronavirus (MERS-CoV) in 2012 from zoonotic sources \[[@bib0010]\]. In addition, a novel coronavirus, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), causing severe acute respiratory disease emerged recently in Wuhan, China in December 2019 \[[@bib0015],[@bib0020]\]. Like the other two highly pathogenic coronaviruses SARS-CoV and MERS-CoV, SARS-CoV-2 can also cause severe respiratory illness and even death. Moreover, the population\'s susceptibility to these highly pathogenic coronaviruses has contributed to large outbreaks and evolved into the public health events, highlighting the necessity to prepare for the future emerging viruses \[[@bib0025]\].

Similar to SARS-CoV and MERS-CoV, SARS-CoV-2 spreads rapidly among humans and likely originates in bats \[[@bib0015],[@bib0030]\]. The initial patient cluster with confirmed SARS-CoV-2 infection was reported as pneumonia with unknown aetiology, which bore some resemblance to both SARS-CoV and MERS-CoV infections and was associated with ICU admission and high mortality. Moreover, patients requiring ICU admission had higher concentrations of G-CSF, IP-10, MCP-1, MIP-1A, and TNF-α than did those not requiring ICU admission, suggesting that the cytokine storm was associated with disease severity \[[@bib0035]\]. To date the severity of SARS-CoV-2 has tended to be mild, the risk of fatality among hospitalized cases was 4.3 % in a single-center case series of 138 hospitalized patients \[[@bib0040]\], and the infection fatality risk could be below 1% or even below 0.1 % in a large number of undetected relatively mild infections \[[@bib0045]\]. However, the basic reproduction number (R~0~) of person-to-person spread was about 2.6, which meant that the cases of infection would grow at an exponential rate. As of 7 February, 2020, 57,620 cases of SARS-CoV-2 have been reported in China, including 26,359 suspected cases, and a sustained increase is predicted. It is challenging to judge the severity and predict the consequences of the information available to date. Since no specific antiviral treatment for SARS-CoV-2 infection is currently available, supportive cares, including symptomatic controls and prevention of complications remain the most important management strategy, especially in preventing acute respiratory distress syndrome \[[@bib0020],[@bib0050]\]. Currently, there is no special antiviral treatment or vaccine against the new virus. Therefore, it is of great importance to research and develop effective and safe antiviral drugs.

It has been reported that many traditional Chinese medicine (TCM) prescriptions could not only inhibit the replication of virus directly, but also attenuate excessive pro-inflammatory responses and tissue damage by viruses \[[@bib0055], [@bib0060], [@bib0065]\]. Therefore, it is significantly to study the traditional Chinese medicines that have obvious advantages in the treatment of the new virus. Liu Shen capsule (LS), a traditional Chinese medicine, has been used to treat influenza, tonsillitis, pharyngitis, and mumps for more than a century \[[@bib0070]\]. It consists of Bezoar (the gall-stone of Bos taurus domesticus Gmelin), Musk (the excretion of Moschus), cinobufagin venom toad (the excretion of Venenum Bufonis), pearl (the shell of Pernulo), realgar, and borneol. In previous studies, it was shown that the LS exhibited a wide spectrum of pharmacological properties, such as anti-inflammatory, anticancer, antiviral, analgesic, antibacterial, and immunomodulatory activities \[[@bib0075],[@bib0080]\]. In addition, LS could inhibit viral propagation and regulate immune function and achieved similar therapeutic effectiveness with oseltamivir in reducing the course of H1N1 virus infection. Notably, the anti-influenza activity of LS in infected mice might depend on the regulation of cytokines, particularly in cytokine storm associated cytokines, such as IFN-γ, IL-1β, IL-6, and TNF-α \[[@bib0085]\]. However, there is no exact evidence that LS is effective in the treatment of SARS-CoV-2 and its mechanisms of action remain obscure. Therefore, to study the antiviral activity of LS on SARS-CoV-2 and its potential effect in regulating the host's immune response, we evaluated the antiviral and anti-inflammatory efficiency of LS against a clinical isolate of SARS-CoV-2 from Guangzhou *in vitro*.

In this study, a comprehensive evaluation of the antiviral and anti-inflammatory activity of LS was performed *in vitro* with SARS-CoV-2 infection. It demonstrated that LS inhibited the replication of the virus in a dose-dependent manner and found that LS could reduce the number of viral particles. Moreover, LS could markedly decrease pro-inflammatory cytokine expression in infected human hepatocellular carcinoma cell lines (Huh-7), which may result in gaining a comprehensive understanding of the inhibition of LS against SARS-CoV-2 infection.

2. Methods {#sec0010}
==========

2.1. Reagents {#sec0015}
-------------

LS (lot: SA01004C) used in this study was produced and provided by Leiyunshang Pharmaceutical Group Co., Ltd. (Suzhou, China). The LS was triturated, 50 mg was prepared in 10 mL dimethyl sulfoxide (DMSO). The mixture was ultrasonicated for 4 h and then centrifuged at 4000 *g* for 15 min. The supernatant was filtered through a 0.22 μm syringe filter before use. In the previous study, the index components in LS were detected by high-performance liquid chromatography (HPLC). HPLC revealed that LS contained 0.12 % gamabufotalin, 0.10 % arenobufagin, 0.26 % telocinobufagin, 0.21 % desacetylcinobufotalin, 0.25 % bufotalin, 0.41 % cinobufotalin, 0.27 % bufalin, 0.70 % resibufogenin, 0.68 % cinobufagin, 1.81 % cholic acid, 0.27 % anserine deoxycholic acid, and 0.23 % deoxycholic acid \[[@bib0090]\]. Remdesivir was kindly provided by Prof. Jiancun Zhang from Guangzhou Institutes of Biomedicine and Health, Chinese Academy of Sciences and was dissolved in DMSO to 100 μg/mL and stored at −20 °C before using. IκBα rabbit monoclonal (lot: 4812), p-IκBα rabbit monoclonal (lot: 2859), NF-κB p65 rabbit monoclonal (lot: 8242), p-NF-κB p65 rabbit monoclonal (lot:3033), p38 MAPK rabbit monoclonal (lot: 8690) and p-p38 MAPK rabbit monoclonal (lot: 4631) antibodies were provided by Cell Signaling Technology, Inc. (Danvers, MA, USA).

2.2. Cell lines and the virus {#sec0020}
-----------------------------

The African green monkey kidney epithelial (Vero E6) cells and human hepatocellular carcinoma cell lines (Huh-7) were purchased from ATCC. The cells were cultured in Dulbecco's modified Eagle's medium (DMEM, Gibco, USA) with 10 % fetal bovine serum (FBS), 100 U/mL penicillin, and 100 μg/mL streptomycin. SARS-CoV-2 (Genebank accession no. MT123290.1) was clinical isolates from the First Affiliated Hospital of Guangzhou Medical University. The virus was propagated and adapted as previously described \[[@bib0095]\]. The 50 % tissue culture infective dose (TCID~50~) of the virus was determined using the Reed Muench method (TCID~50~ = 10-^6^/100 μL). Virus stocks were collected and stored at −80 °C. All the infection experiments were performed in a biosafety level-3 (BLS-3) laboratory.

2.3. Cytotoxicity assay {#sec0025}
-----------------------

The cytotoxic effects of LS or Remdesivir on Vero E6 and Huh-7 cells were evaluated by MTT assay \[[@bib0100]\]. Briefly, Vero E6 (5 × 10^4^ cells/well) and Huh-7 (5 × 10^4^ cells/well) cells grown in a monolayer in 96-well plates were rinsed with PBS followed by incubation with indicated concentrations of LS. After 72 h, the cells were stained with MTT solution at 0.5 mg/mL for 4 h. The supernatants were then removed, and the formed formazan crystals were dissolved in 200 μL dimethyl sulfoxide (DMSO). The absorbance at 570 nm was determined using a Multiskan Spectrum reader (Thermo Fisher, USA).

2.4. Cytopathic effect (CPE) inhibition assay {#sec0030}
---------------------------------------------

To investigate the antiviral effects of LS against SARS-CoV-2, the CPE inhibition assay under the nontoxic concentration of LS was employed. Briefly, the Vero E6 cell monolayers were grown in 96-well plates and inoculated with 100 TCID~50~ of coronavirus strains at 37 °C for 2 h. The inoculum was removed, and the cells were subsequently incubated with indicated concentrations of LS and the positive control Remdesivir. Following 72 h of incubation, the infected cells showed 100 % CPE under the microscope. The percentage of CPE in LS-treated cells was recorded. The 50 % inhibition concentration (IC~50~) of the virus-induced CPE by LS was calculated as described and the selectivity index (SI) was determined from the CC~50~ to EC~50~ ratio \[[@bib0105]\].

2.5. Plaque reduction assay {#sec0035}
---------------------------

The plaque reduction assay was performed as previously described \[[@bib0105]\]. Briefly, Vero E6 cells monolayers in 6-well plates were rinsed with PBS and incubated with 100 plaque-forming unit (PFU) of SARS-CoV-2. Following 2 h of incubation, the inoculum was removed, and the cells were covered with agar/basic medium mixture, which contained 0.8 % agar and indicated concentrations of LS or Remdesivir. The plates were then incubated at 37 ℃ for 48 h, followed by fixation in 4 % formalin for 30 min. The overlays were then removed and stained with 0.1 % crystal violet for 3 min. The plaques were visualized and counted. The IC~50~ of the virus-induced plaques by LS was calculated as described \[[@bib0105]\].

2.6. RNA isolation and reverse transcriptase-quantitative PCR analysis (RT-qPCR) {#sec0040}
--------------------------------------------------------------------------------

To further identify the possible underlying mechanisms of LS, we used several drug concentrations, with high antiviral efficiency for subsequent experiments. The primers of TNF-α, IL-6, CCL-2/MCP-1, IL-1β, IL-8, CXCL-10/IP-10 and GAPDH genes ([Table 1](#tbl0005){ref-type="table"} ) were designed by using Primer 5.0.Table 1Primer sequence for RT-qPCR.Table 1Target GeneDirectionSequence (5′-3′)IL-1βForwardGCACGATGCACCTGTACGATReverseAGACATCACCAAGCTTTTTTGCTProbeFAM-ACTGAACTGCACGCTCCGGGACTC-TAMTNF-αForwardAACATCCAACCTTCCCAAACGReverseGACCCTAAGCCCCCAATTCTCProbeFAM-CCCCCTCCTTCAGACACCCTCAACC-TAMIL-6ForwardCGGGAACGAAAGAGAAGCTCTAReverseCGCTTGTGGAGAAGGAGTTCAProbeFAM-TCCCCTCCAGGAGCCCAGCT-TAMMCP-1ForwardCAAGCAGAAGTGGGTTCAGGATReverseAGTGAGTGTTCAAGTCTTCGGAGTTProbeFAM-CATGGACCACCTGGACAAGCAAACC-TAMIP-10ForwardGAAATTATTCCTGCAAGCCAATTTReverseTCACCCTTCTTTTTCAT-TGTAGCAProbeFAM-TCCACGTGTTGAGATCA-TAMIL-8ForwardCTTGGTTTCTCCTTTATTTCTAReverseGCACAAATATTTGATGCTTAAProbeFAM-TTAGCCACCATCTTACCTCACAGT-TAMGAPDHForwardGAAGGTGAAGGTCGGAGTCReverseGAAGATGGTGATGGGATTTCProbeFAM-CAAGCTTCCCGTTCTCAGCC-TAM

Briefly, Huh-7 cell monolayer in 12-well plates were rinsed with PBS and then exposed to coronavirus at the multiplicity of infection (MOI) of 1 for 2 h. The inoculums were removed after infection, and the cells were divided into six groups: normal control group (NC), virus-infected group (virus), Remdesivir and three concentrations of LS. The cells were harvested at 48 h. Total RNA from the different groups was extracted according to the specification of the RNA reagent (Invitrogen, MA, USA), and reverse transcription of RNAs was quantified by using the PrimeScript™ RT Master Mix Kit (Takara Bio, Japan). Then, RT-PCR was performed on cDNA samples via the SYBR Premix Ex Tap™ II (Takara Bio, Japan). The PCR data were analysed using the detection system (ABI PRISM® 7500 Real-time PCR system, Applied Biosystems Co., USA). The relative amount of PCR products was calculated using the 2−ΔΔCt method as previously described \[[@bib0110]\].

2.7. Transmission electron microscope (TEM) observation of the surface of infected cells {#sec0045}
----------------------------------------------------------------------------------------

Confluent monolayer culture of Vero E6 cells prepared in 6-well plates was inoculated with the virus and incubated at 37 °C for 2 h. At 2 h p.i., the culture was washed twice with DMEM to remove free viruses and incubated at 37 °C with or without 1 μg LS and Remdesivir. After 24 h, the cells were fixed with 2.5 % glutaraldehyde in 0.15 M phosphate buffer (pH 7.4) and post-fixed with 1% osmium tetroxide. The fixed cells were dehydrated through a series of ethanol and butanol mixtures \[[@bib0115]\], and observed under the JSM-6340 SEM (JEOL, Japan).

2.8. Western blot assay {#sec0050}
-----------------------

The total proteins of the samples were extracted from the cells with radioimmunoprecipitation assay (RIPA) buffer (DGCS Biotechnology, China). The protein concentrations of the samples were detected by using the BCA kit (Beyotime, China). Then, 20 mg of the cell extract was separated by 8% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and then they were transferred to a polyvinylidene fluoride (PVDF) membranes (Millipore, USA). The membranes were blocked with 5% BSA and incubated with different primary antibodies over night at 4 °C. And then, the membranes with different primary antibodies were incubated with different secondary antibodies for 1 h. The immune complexes were immunoblotted and the immunodetection was performed by using the enhanced chemiluminescence reagents (Fdbio, China).

2.9. Data analysis {#sec0055}
------------------

All data in this study were analysed by using analysis of variance (ANOVA) with SPSS ver. 19.0 (Armonk, NY, USA). Data were presented as the mean ± standard deviation (SD). Differences in multiple groups were determined by one-way ANOVA with Tukey's honest significant difference (HSD) test. A P-value＜0.05 was considered statistically significant.

3. Result {#sec0060}
=========

3.1. Antiviral activity of LS on SARS-CoV-2 *in vitro* {#sec0065}
------------------------------------------------------

The cytotoxicity of LS in Vero E6 cells was first evaluated by non-radioactive cell proliferation assay (MTT). The TC~50~ values, corresponding to a 50 % cytotoxic effect after 72 h of inhibitor treatment, were determined. The TC~50~ of LS and Remdesivir towards Vero E6 cells was 4.930 μg/mL and 105.60 μM, respectively, and the TC~50~ of LS and Remdesivir towards Huh-7 cells was 3.382 μg/mL and 138.40 μM, respectively ([Table 2](#tbl0010){ref-type="table"} ). As shown in [Fig. 1](#fig0005){ref-type="fig"} , LS showed unapparent cytotoxicity for the cell lines at concentrations up to 2.0 μg/mL, and Remdesivir was chosen as the positive control and showed no cytotoxicity to cell lines at a concentration of 50 μM. The antiviral activities of LS and Remdesivir against SARS-CoV-2 were evaluated using cytopathic effect (CPE) inhibition assay ([Fig. 1](#fig0005){ref-type="fig"}) and plaque reduction assay ([Fig. 2](#fig0010){ref-type="fig"} ). SARS-CoV-2 caused a severe CPE in Vero E6-infected cells, including cell rounding, detachment and death. A reduction in SARS-CoV-2-induced CPE after 72 h incubation indicated the antiviral activity of LS and Remdesivir. It was found that LS (2 μg/mL, 1 μg/mL and 0.5 μg/mL) and Remdesivir (5 μM and 2.5 μM) significantly reduced the CPE caused by infection in Vero E6 cells, and the IC~50~ values of LS and Remdesivir were 0.6024 μg/mL and 0.6505 μM, respectively, and the selectivity index (SI) of LS and Remdesivir was 8.18 and 203.84, respectively. The results showed that LS was able to protect cells from virus-induced cell death in a dose-dependent manner.Table 2Inhibitory effect of LS and Remdesivir on coronavirus-infected Vero E6 cells.Table 2VirusLS (μg/mL)Remdesivir (μM)[a](#tblfn0005){ref-type="table-fn"}TC~50~[b](#tblfn0010){ref-type="table-fn"}IC~50~SI[a](#tblfn0005){ref-type="table-fn"}TC~50~[b](#tblfn0010){ref-type="table-fn"}IC~50~SISARS-CoV-24.9300.60248.18105.600.6505162.34[^2][^3]Fig. 1Reduction of SARS-CoV-2-induced cytopathic effect by LS. A. Vero E6 cells were not-infected (NC) or infected with SARS-CoV-2 and the inhibitory effect of LS and Remdesivir on virus proliferation was evaluated. Images under a NiKon Eclipse TE300 microscope (NiKon Corporation, Tokyo, Japan) at 100 magnification. B. Inhibiting the activity of SARS-CoV-2 when given different concentrations in vitro. (a) The cytotoxicity effects of LS in Vero E6 cells were detected using MTT assay. (b) The inhibitory effects of LS on SARS-CoV-2 in Vero E6 cells. (c) The cytotoxic effects of LS in Huh-7 cells were detected using MTT assay. (d) The cytotoxic effects of Remdesivir in Vero E6 cells were detected using MTT assay. (e) The inhibitory effects of Remdesivir on SARS-CoV-2 in Vero E6 cells. (f) The cytotoxic effects of Remdesivir in Huh-7 cells were detected using MTT assay. Error bars indicate the range of values obtained from counting in triplicate are represented as the mean ± SD of three individual experiments.Fig. 1Fig. 2Dose-dependent reduction of SARS-CoV-2 plaque formation after treatment with LS. (A) Inhibitory effect of LS or Remdesivir on plaque formation of SARS-CoV-2. (B) The quantitative analysis of the plaque formation in different groups was analysed by SPSS ver. 19.0. Data are presented as the mean ± SD obtained from three separate experiments. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001, compared with SARS-CoV-2-infected cells.Fig. 2

The plaque reduction assay was carried out to confirm the efficacy of LS on SARS-CoV-2 propagation. Vero E6 cells were infected with SARS-CoV-2 (MOI = 0.1) and incubated with overlay medium containing various concentrations of LS. After three days, the overlays were then removed and stained with 0.1 % crystal violet. The plaques were visualized and counted. Remdesivir was used as a positive control at 5 μM. The results showed the average size and plaque number in LS-treated cells were markedly reduced in a dose-dependent manner and LS (2.00, 1.00, 0.50 μg/mL) and Remdesivir (5 μM) could significantly inhibit the viral plaque formation (p \< 0.05) ([Fig. 2](#fig0010){ref-type="fig"}). The above assays showed that LS might be a potential antiviral drug for SARS-CoV-2.

3.2. LS strongly inhibits the virion in Vero E6 cells by TEM {#sec0070}
------------------------------------------------------------

To verify the antiviral efficacy on SARS-CoV-2, TEM assay was performed in the infected-cells which were treated with LS (2.00 μg/mL) or Remdesivir (5 μM) ([Fig. 3](#fig0015){ref-type="fig"} ). The results showed that no virus particles were found in the cell control group (NC) ([Fig. 3](#fig0015){ref-type="fig"}A and E) and many virions were found in the cytoplasm, intracellular vesicles, and cell membrane and presented typical coronavirus morphology in the virus group under electron microscopy after 48 h p.i. ([Fig. 3](#fig0015){ref-type="fig"}B and F). Treatment with LS (2.00 μg/mL) ([Fig. 3](#fig0015){ref-type="fig"}C and G) and Remdesivir (5 μM) ([Fig. 3](#fig0015){ref-type="fig"}D and H) resulted in a reduction of the number of virions and inhibited the entrance into the intracellular vesicles of the virus compared with the virus group.Fig. 3Effect of LS on virus morphology in Vero E6 cells. (A, E) uninfected cells (NC), (B, F) SARS-CoV-2 infected cells (Virus), (C, G) LS-treated infected cells and Remdesivir-treated infected cells. The red boxes and black arrows indicated changes in the number of virus particles after treatment with or without LS and Remdesivir. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).Fig. 3

3.3. LS strongly inhibits the expression of proinflammatory cytokines *in vitro* {#sec0075}
--------------------------------------------------------------------------------

SARS-CoV-2 infection is known to be able to induce a strong inflammatory reaction, hallmarked by the production of cytokines and chemokines. Therefore, the expression of cytokines on the infected cells was measured. To determine the influence of LS or Remdesivir (5 μM) on the expression of pro-inflammatory cytokines induced by SARS-CoV-2, the mRNA and protein expression of IL-6, TNF-α, IL-1β, CXCL10/IP-10, CCL2/MCP-1 and IL-8 in Huh-7 cells were detected by RT-qPCR and ELISA. As shown in [Fig. 4](#fig0020){ref-type="fig"}, [Fig. 5](#fig0025){ref-type="fig"} , the mRNA and protein expression of IL-6, TNF-α, IL-1β, CXCL10/IP-10, CCL2/MCP-1 and IL-8 in the virus group were significantly up-regulated 48 h after infection in the Huh-7 cells infected by SARS-CoV-2 (p \< 0.01) compared with that in the NC group. Compared with the virus group, LS and Remdesivir significantly reduced the mRNA and protein expression of IL-6, TNF-α, IL-1β, CXCL10/IP-10, CCL2/MCP-1 and IL-8 in a dose-dependent manner in Huh-7 cells 48 h after infection (p \< 0.01 or p \< 0.05), respectively. This indicated that LS might be an effective anti-inflammatory agent.Fig. 4Effects of treatment with LS or Remdesivir on the mRNA expression levels of inflammatory mediators in SARS-CoV-2-infected Huh-7 cells. TNF-α, IL-1β, IL-6, CXCL-10/IP-10, CCL-2/MCP-1 and IL-8. Data are presented as the mean ± SD obtained from three separate experiments. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001, compared with SARS-CoV-2-infected cells.Fig. 4Fig. 5LS inhibited the inflammation induced by the virus through regulating the NF-κB/MAPK signaling pathway *in vitro*. (A) The protein expressions of NF-κB p65, p-NF-κB p65, p-IκBα, IκBα, p-p38 MAPK and p38 MAPK in the cells was detected by western blot analysis; (B) The quantitative analysis of the NF-κB p65, p-NF-κB p65, p-IκBα, IκBα, p-p38 MAPK and p38 MAPK proteins was analysed by Image J. The values are presented as the means ± SD of three individual experiments. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001, when compared to the viral control.Fig. 5

3.4. LS strongly inhibits the expression of the key proteins related to the NF-κB/MAPK signaling pathway *in vitro* {#sec0080}
-------------------------------------------------------------------------------------------------------------------

To further study whether the antiviral and anti-inflammation mechanisms induced by virus of LS was related to the inhibitory of NF-κB/MAPK signaling pathway activation, the expression of the key proteins related to the NF-κB/MAPK signaling pathway was examined. As shown in [Fig. 5](#fig0025){ref-type="fig"}, the protein expressions of p-NF-κB p65, p-IκBα, and p-p38 MAPK of the virus group were significantly increased compared with the NC group (p \< 0.05), and the expression of IκBα of the virus group were significantly decreased compared with the NC group (p \< 0.05). Compared with the virus group, the protein expression of the p-NF-κB p65, p-p38 MAPK and p-IκBα were significantly reduced in Huh-7 cells with LS (2.0, 1.0, and 0.5 μg/mL) and Remdesivir, and IκBα was significantly upregulated, while the expression of NF-κB p65 and p38 MAPK was no significant difference.

4. Discussion {#sec0085}
=============

The number of infections caused by SARS-CoV-2 continues to rise sharply in the world \[[@bib0120],[@bib0125]\]. The viral infection has widely and rapidly spread worldwide \[[@bib0130]\]. It is a major coronavirus infection, which threatens human life after SARS and MERS \[[@bib0135]\]. For this sudden and lethal disease, no specific antiviral drugs or vaccines have been developed, and supportive care and non-specific treatment of patients are currently the only options to ameliorate the symptoms \[[@bib0140], [@bib0145], [@bib0150]\]. Therefore, effective and safe antiviral agents are urgently needed. Currently, the use of TCM is a popular and acceptable therapy, and many TCM prescriptions have been proven to have obvious therapeutic effect on the virus by inhibiting the replication of the virus directly and improving the immune functions of the host organism. It may be a potential effective drug source for new drug discovery. LS is a TCM used to treat tonsillitis, influenza, pharyngitis, and mumps. However, the antiviral and anti-inflammatory effects induced by SARS-CoV-2 and the potential mechanisms of LS in treating viral pneumonia are less understood. Therefore, the potential antiviral and anti-inflammatory activities of LS induced by SARS-CoV-2 were investigated. In the present study, it was the first time to clarify that LS could not only inhibit SARS-CoV-2 infection, but also significantly suppress the inflammation caused by SARS-CoV-2 through a mechanism that involved the downregulation of inflammatory cytokines.

First, the effects of LS against SARS-CoV-2 *in vitro* by CPE assay and plaque reduction assay ([Fig. 1](#fig0005){ref-type="fig"}, [Fig. 2](#fig0010){ref-type="fig"}) were measured. The results showed that LS was able to protect cells from virus-induced cell death and inhibit the average size and plaque number in LS-treated cells in a dose-dependent manner. The SI index of LS reached 8.18 ([Table 1](#tbl0005){ref-type="table"}). All these results confirmed that LS might be a potential antiviral drug for SARS-CoV-2. TEM has been a potent tool to observe virus entry, virus particle assembly, viral ultrastructure, and budding from the plasma membrane \[[@bib0155]\]. To understand the antiviral details of LS, TEM images were taken from each group ([Fig. 3](#fig0015){ref-type="fig"}). Abundant virus particles assembled at the surface of the membrane, cytoplasm, and plasma vesicles in cells infected with SARS-CoV-2, decreased with the treatment of LS at 2.00 μg/mL.

It is reported that highly pathogenic coronaviruses such as SARS-CoV and MERS-CoV cause fatal pneumonia, which is mainly associated with rapid virus replication, massive inflammatory cell infiltration and elevated proinflammatory cytokine/chemokine responses. Although the pathophysiology of fatal pneumonia caused by highly pathogenic coronaviruses has not been completely understood, recent studies suggest a crucial role of cytokine storm in causing fatal pneumonia \[[@bib0160]\]. Early studies have shown that increased amounts of proinflammatory cytokines (e.g., IL-1β, IL-6, CXCL-10/IP-10, and CCL-2/MCP-1) in the serum of SARS patients \[[@bib0165]\], which was similar to the serum patients with MERS with increased concentrations of proinflammatory cytokines (i.e., IFN-γ, TNF-α, IL-15, and IL-17) \[[@bib0170]\]. It also reported that the expression of the cytokine storm in the NCIP patients in ICU than those in non-ICU patients \[[@bib0035]\]. Therefore, the mRNA and protein production of IL-1β, TNF-α, CCL-2/MCP-1, CXCL-10/IP-10, IL-6 and IL-8 induced by SARS-CoV-2 was detected. The results showed that LS inhibited the release of IL-1β, TNF-α, CCL-2/MCP-1, CXCL-10/IP-10, IL-6 and IL-8 induced by SARS-CoV-2 in Huh-7 cells ([Fig. 4](#fig0020){ref-type="fig"}, [Fig. 5](#fig0025){ref-type="fig"}) in a dose-dependent manner. The change of cytokine profiles suggested that LS might have a potential effect on the inhibition of the cytokine storm induced by SARS-CoV-2.

Since the SARS syndrome is characterized by an uncontrolled inflammatory response and NF-κB is the major transcription factor activated in acute respiratory distress syndrome (ARDS) \[[@bib0175]\]. Similar to SARS-CoV, SARS-CoV-2 can also cause severe respiratory illness and even death. NF-кB plays an important role in mediating inflammation, immune responses, and other cellular activities \[[@bib0180]\]. Activation of NF-кB can induce cytokines production, and these cytokines can react upon in turn and they produce a positive autoregulatory loop and exacerbate the inflammatory response \[[@bib0185]\]. Therefore, to understand the molecular mechanism of LS against virus infection, the regulation of the NF-кB/MAPK signaling pathway contributes to the alleviation of inflammation. The results showed that SARS-CoV-2 activated the NF-кB /MAPK signaling pathway and LS could significantly decrease SARS-CoV-2-induced activation of p-NF-κB p65, p-IκBα, and p-p38 MAPK and increase the expression of the IκBα ([Fig. 5](#fig0025){ref-type="fig"}). We inferred that the underlying mechanism of LS is to impair the upregulated proinflammatory cytokines induced by SARS-CoV-2 via inhibiting the activity of NF-кB/MAPK signaling pathway. The change of cytokine profiles suggested that LS might have a potential effect on the inhibition of cytokine storm induced by SARS-CoV-2.

5. Conclusions {#sec0090}
==============

In conclusion, our results revealed that LS could significantly protect cells from virus-induced cell death and inhibit the average size and plaque number *in vitro*. The anti-SARS-CoV-2 effect was attributed to the blocking of the proliferation of virus, inhibiting the formation of virus particles, and inhibiting the upregulated expression of pro-inflammatory cytokines induced by SARS-CoV-2 via regulating the activity of NF-кB/MAPK signaling pathway. These findings warrant further evaluation of LS as a potential agent for SARS-CoV-2 treatment and provide information to further reveal the mechanisms. LS may be an effective anti-inflammatory agent and can be used to treat the inflammation induced by SARS-CoV-2.
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